Abstract Individuals with type 2 diabetes mellitus (T2DM) are at increased risk of developing cardiovascular disease (CVD), possibly associated with elevated plasma free fatty acid concentrations. Paradoxically, evidence suggests that unsaturated, compared to saturated fatty acids, suppress macrophage cholesterol efflux, favoring cholesterol accumulation in the artery wall. Murine bone marrow-derived macrophages (BMDM) were used to further explore the relationship between saturated and unsaturated fatty acids, and cholesterol efflux mediated by ATP-binding cassette transporters (ABCA1 and ABCG1) through transcription factors liver-x-receptor-alpha (LXRa) and sterol receptor element binding protein (SREBP)-1. BMDM isolated from C57BL/6 mice were exposed to 100 lM linoleic acid (18:2) or palmitic acid (16:0) for 16 h, and 25 lg/mL oxidized low density lipoprotein for an additional 24 h. ABCA1 and ABCG1 mRNA expression was suppressed to a greater extent by 18:2 (60 % and 54 %, respectively) than 16:0 (30 % and 29 %, respectively) relative to the control (all p \ 0.01). 18:2 decreased ABCA1 protein levels by 94 % and high density lipoprotein (HDL) mediated cholesterol efflux by 53 % (both p \ 0.05), and had no significant effect on ABCG1, LXR-a or SREBP-1 protein levels. 16:0 had no effect on ABCA1, ABCG1, LXR-a or SREBP-1 protein expression or HDLmediated cholesterol efflux. These results suggest that 18:2, relative to 16:0, attenuated macrophage HDL-mediated cholesterol efflux through down regulation of ABCA1 mRNA and protein levels but not through changes in LXRa or SREBP-1 expression. The effect of 18:2 relative to 16:0 on macrophages cholesterol homeostasis may exacerbate the predisposition of individuals with T2DM to increased CVD risk.
Introduction
Initiation of atherosclerosis lesion formation occurs, in part, through retention of oxidized low density lipoprotein (oxLDL) cholesterol within the artery wall and subsequent macrophage-derived foam cell formation [1] . High density lipoprotein (HDL) particles promote reverse cholesterol transport via their interaction with the macrophage membrane ATP-binding cassette (ABC) transporters and scavenger receptor (SR)-B1 [2] . Two components of this system, HDL concentrations [3, 4] and macrophage ABCtransporter expression [5, 6] are low in individuals with type 2 diabetes mellitus (T2DM) [7] . These individuals are at increased risk of developing atherosclerosis. Among the metabolic disturbances associated with T2DM is chronically elevated free fatty acids (FFA) concentrations [8] . One class of FFA, unsaturated fatty acids, has been reported to suppress expression of the macrophage ABC-transporters ABCA1 and ABCG1, resulting in reduced cholesterol efflux [9] [10] [11] [12] . In healthy individuals as well as those with T2DM, linoleic (18:2) and palmitic acid (16:0) are among the highest circulating FFA and therefore were the focus of this study [13] . It has previously been reported that both ABCA1 and ABCG1 protein expression were suppressed by 18:2 in human monocyte-derived macrophages after chemical induction of ABC-transporter expression [12] . ABC-transporter expression and cholesterol efflux are regulated at multiple levels, but the role of FFA exposure has not previously been explored in an oxLDL-loaded primary macrophage model. Stimulation of primary macrophages with oxLDL causes induction of ABC-transporter expression through intracellular cholesteryl ester (CE) accumulation [14] , similar to macrophage foam cells found within atherosclerotic plaques. In contrast, it has been reported that chemical induction of ABC-transporter expression does not increase intracellular CE concentration [5] , thus differing from macrophage foam cell formation, in vivo. With few exceptions [12] , most of the reports available on the relationship between FFA and ABC-transporter expression have been conducted using immortalized macrophage cell lines [9] [10] [11] . Such cell lines may not have the same regulatory mechanisms for cholesterol transport as primary macrophages, in vivo. At the post-translational level, 18:2 increases ABCA1 protein turnover via protein kinase C (PKC)-d activation in RAW 264.7 macrophages [9, 10] . At the transcriptional level, ABC-transporters are regulated by liver-x-receptor (LXR)-a [15, 16] . Polyunsaturated fatty acids (PUFA), such as 18:2 and eicosapentaenoic acid (20:5) , and to a lesser extent monounsaturated fatty acids (MUFA), such as oleic acid (18:1), have been reported to disrupt LXR-a activity in transfected RAW 264.7 macrophages [11] . PUFA have also been reported to down regulate transcription of sterol regulatory element binding protein (SREBP)-1c through reduced LXR-a activity [17] . There is a sterol regulatory element (SRE) in the promoter region of the ABCG1 gene [18] , suggesting an additional mechanism by which unsaturated fatty acids may regulate SREBP-1c activity and subsequent cholesterol efflux. The role of SREBP-2 in ABC-transporter expression is more controversial, with contrasting evidence suggesting that SREBP-2 is either a promoter or repressor of ABCA1 transcription [19, 20] .
While there are several mechanisms by which unsaturated fatty acids may cause a suppression of ABC-transporter expression, the complex mechanisms involving transcriptional regulation of cholesterol transporters have not been fully elucidated. The aim of this study was to assess the mechanism by which 18:2, compared to 16:0, disrupts transcriptional regulation of ABC-transporters and cholesterol efflux using bone marrow-derived macrophages (BMDM), a primary macrophage cell model. To our knowledge there are no studies to date that have examined the relationship between FFA and ABC-transporter expression in oxLDL-loaded primary macrophage cells, such as BMDM. Previous work has demonstrated that BMDM exhibit the appropriate phenotypic properties necessary to make them a good model for arterial plaque macrophages [21] . The focus of this work was on the role of SREBP-1c in mediating the relationship between fatty acids and macrophage ABC-transporter expression in primary BMDM.
Methods

Murine-BMDM Cell Culture
Male C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) were maintained two per cage, 12:12 light:dark cycle, and fed a standard mouse chow diet (Harlan Teklad 7012) in accordance with institutional guidelines. Mice were killed at the age of 10-12 weeks by CO 2 followed by cervical dislocation. Bone marrow cells were isolated from the femurs and tibias by flushing the bone cavity with RPMI medium (Gibco, Life Technologies, Grand Island, NY) as previously described [22] . The harvested cells were washed, plated and differentiated into BMDM with 100 ng/mL macrophage-colony stimulating factor (eBioscience, San Diego, CA) and grown in medium containing 20 % low endotoxin fetal bovine serum (FBS) (Gibco, Life Technologies) and 1 % penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO) in humidified air at 37°C in 5 % CO 2 . After 4-5 days, macrophages had adhered to the culture dishes allowing non-adherent cells to be discarded. BMDM differentiation was confirmed by monitoring the expression of the cell surface marker F4/ 80, preferentially expressed in mature macrophages [22] . Passage of BMDM was achieved by incubation (37°C, 10 min) with 8 mg lidocaine/mL phosphate buffered saline (Sigma-Aldrich). After passage, cells were pre-treated for 16 h with 0 or 100 lM 18:2 or 16:0 (Nu-Chek Prep, Elysian, MN) in the presence of 50 lM low endotoxin, fatty acid-free bovine serum albumin (BSA) (SigmaAldrich) and 20 % lipoprotein deficient (LD)-FBS. Free fatty acid concentrations in the media were maintained throughout the experiment. Fatty acid:BSA stock solutions (1 mM:0.5 mM) were made up in RPMI [23] . LD-FBS was obtained by ultracentrifugation of FBS at a density of 1.215 g/ml. Lipid accumulation, mRNA and protein expression were assessed, as described below, after exposure to 25 lg/mL oxLDL (Intracel, Frederick, MD) for 24 h.
Quantitative Real-Time PCR RNA was extracted from BMDM using TRIzol reagent (Ambion, Life Technologies) and Rneasy mini kit (Qiagen, Valencia, CA). Reverse transcription was performed using the Reverse Transcription Kit (Promega, Madison, WI). Real Time PCR was performed using Qiagen's Quantitect primer assays for murine ABCA1, ABCG1, SR-B1, LXR-a and beta (b)-actin (QT00165690, QT00113519, QT00166495, QT00113729, QT01136772). Additionally, primers were designed for the following genes (Table 1) : SREBP-1a, -1c, -2, acetyl CoA carboxylase (ACC), and stearoyl CoA desaturase 1 (SCD1). All templates were initially denatured for 5 min at 95°C, followed by a standard thermal cycle (repeated 40 times): denaturation at 94°C for 1 min, annealing at 55°C for 30 s, and extension at 72°C for 34 s. Relative quantification (DDCt) was used to assess expression of target genes and standardized to the internal reference gene, b-actin.
Western Blot Analysis
BMDM were lysed in RIPA buffer (Sigma-Aldrich) containing protease inhibitors (Bio-Rad, Hercules, CA) for whole cell protein extraction. Nuclear protein extraction was performed as previously described [24] . Briefly, cells were resuspended in a fractionation buffer containing protease inhibitors (Bio-Rad), passed through a 22.5 gauge needle 30 times, and centrifuged at 1,0009g for 7 min at 4°C. The pellet was resuspended in another fractionation buffer containing protease inhibitors (Bio-Rad), rotated at 4°C for 1 h, and centrifuged at 100,0009g for 30 min at 4°C in a Beckman TLA 100.2 rotor. The supernatant from this spin was designated the nuclear extract.
Whole cell and nuclear protein concentrations were determined by microBCA protein assay (Bio-Rad). Proteins were separated by SDS-PAGE (Bio-Rad) under reducing conditions and transferred to nitrocellulose membranes (Bio-Rad). Quantification by Western blotting was performed using the following primary antibodies: ABCA1 (Abcam, Cambridge, MA), ABCG1 (Santa Cruz Biotechnology, Santa Cruz, CA), SR-B1 (Santa Cruz), LXR-a (Abcam), SREBP-1 (Abcam), and b-actin (SigmaAldrich). Secondary antibodies were purchased from Santa Cruz Biotechnology. Signals were visualized by chemiluminescence (Amersham Biosciences, Piscataway, NJ) and quantified using a GS-800 calibrated densitometer (Bio-Rad). 
Gene
Primer sequence Reference
Other primers were purchased from Qiagen as indicated in the ''Methods'' section
Assessment of BMDM Lipid Composition
After lipid extraction [25] cellular triacylglycerol (TAG) content was determined using a colorimetric enzymelinked kit (Sigma-Aldrich). Cellular total cholesterol (TC) and free cholesterol (FC) content were determined by gas chromatography using 5-a cholestane as an internal standard as previously described [26] . CE was calculated as the difference between TC and FC. Cellular FC, TC, CE and TAG were expressed as lg/mg cellular protein.
Cholesterol 10, 27] . Immediately thereafter, the cells were equilibrated in RPMI containing 2 mg/mL fatty acid-free BSA for 6 h. BMDM were then incubated with 50 lg/mL HDL (Intracel) in serum-free media for 4 h [27] . FFA concentrations in the media were maintained constant throughout the entire experiment. Fraction cholesterol efflux was estimated from the ratio of the radiotracer in the medium to the total (medium ? cells) and normalized for cellular protein.
Statistical Analysis
All data are reported as means ± standard deviation (SD). Student's t test was used to test significant differences between two treatments and analysis of variance (ANOVA) was used to test for significant differences among three treatments, followed by Tukey's test (SAS version 9.3, SAS Institute Inc, Cary, NC). A p-value \ 0.05 was considered significant for all tests.
Results
No Additional Effect of 18:2 or 16:0 on CE Accumulation After Exposure to oxLDL
To characterize the model of oxLDL-stimulated BMDM, the effects of oxLDL on lipid accumulation was examined. After 24 h of exposure to oxLDL, CE concentrations increased from undetectable levels to approximately 30 lg CE/mg protein (Fig. 1a, p \ 0 .0001) without a significant effect on FC and TAG concentrations. In a separate set of experiments pretreatment of BMDM with 100 lM 18:2 or 16:0, followed by exposure to oxLDL, had no additional effects on lipid accumulation (Fig. 1b) . From these data we concluded that, in the presence of oxLDL, exposure to 18:2 or 16:0 did not alter BMDM lipid accumulation.
18:2 Suppresses HDL-Mediated Cholesterol Efflux
The effect of pre-treating BMDM with 18:2 and 16:0 on cholesterol efflux was next assessed. Relative to control (BSA), exposure of BMDM to 100 lM 18:2, but not 16:0, resulted in 53 % lower cholesterol efflux (Fig. 2 , p \ 0.05). On the basis of these data, cholesterol transporter expression was next assessed.
18:2 Decreases ABCA1 mRNA and Protein Expression
Pre-treating BMDM with 18:2 and 16:0 and then exposing the cells to oxLDL decreased ABCA1 mRNA expression by 60 % (p \ 0.001) and 30 % (p \ 0.01), respectively, and ABCG1 mRNA expression by 54 % (p \ 0.0001) and 29 % (p \ 0.01), respectively, compared to BSA ? ox-LDL treated cells (Fig. 3a) . In contrast, 18:2, but not 16:0, Fig. 1 Effect of a oxLDL b oxLDL ± FFA on lipid accumulation in BMDM. Lipids were first extracted from cells. Triacylglycerols (TAG) were determined using a colorimetric TAG Accumulation Kit, and total and free cholesterol (TC and FC) were determined by gas chromatography, cholesteryl esters (CE) were determined by the difference between TC and FC. Values are representative of 3 independent experiments each analyzed in triplicate. § p \ 0.0001 for the comparison of BSA versus BSA ? oxLDL suppressed SR-B1 mRNA expression by 21 % (Fig. 3a , p \ 0.05). ABCA1 protein expression was reduced by 93 % with 18:2 treatment only (Fig. 3b , p \ 0.05), but there was no significant effect of either fatty acid on ABCG1 and SR-B1 protein expression or LXR-a mRNA or protein expression (Fig. 3b) . On the basis of these data, we further examined the effect of 16:0 and 18:2 on the transcription factor SREBP-1c. It has been suggested that SREBP-1c is involved in the regulation of ABC-transporters at the transcriptional level [18, 28] .
18:2 Decreases SREBP-1 mRNA, but not SREBP-1 Nuclear Protein Expression
In oxLDL-stimulated BMDM, treatment with 18:2, but not 16:0, suppressed SREBP-1c mRNA expression by 97 % (p \ 0.0001), consistent with suppression of mRNA expression of its target genes, SCD1 by 97 % (p \ 0.001) and ACC by 48 % (p \ 0.05), (Fig. 4a) . Likewise, (Fig. 4b, c) despite changes in mRNA expression. These data suggest that the change in SREBP-1 mRNA expression did not play a major role in the effect of 18:2 or 16:0 on ABC-transporter expression.
Discussion
Diet, lifestyle, and certain disease states alter total circulating FFA concentrations [13] . For example, individuals with T2DM tend to have twice the plasma FFA concentration of individuals without T2DM, and likewise have two-fold higher plasma 18:2 concentrations. In the current study, we found that 18:2, but not 16:0, caused a marked suppression of cholesterol efflux from BMDM after exposure to an acceptor, HDL. The cause of this suppression may occur at multiple levels of cellular regulation. The data suggest the mechanisms are not mediated by differences in cellular cholesterol accumulation. In our model, oxLDL-loaded BMDM, exposure to 18:2 led to a suppression in ABC-transporter gene expression as well as ABCA1 protein expression. These changes likely contributed to the corresponding suppression of cholesterol efflux. Studies implicating activation of PKC-d and impairment of LXR-a activity as the mechanisms responsible for ABCtransporter suppression in response to unsaturated fatty acids have been reported in immortalized cell lines [9] [10] [11] . However, the translation of results from immortalized cell lines to the in vivo state must be done cautiously. For example, THP-1 macrophages differ from primary human macrophages in LXR-a activation in response to stimuli [29] . Mechanistic work to identify the role transcriptional regulation has on ABC-transporters has not previously been reported in primary macrophage models. Therefore, the use of an ex vivo primary macrophage model, BMDM, was chosen to further explore this issue. While LXR-a directly affects ABC-transporter expression, it also influences SREBP-1c mRNA expression [17] . Previous research suggests that PUFA disrupts LXR-a activity on the SREBP-1c promoter, leading to a strong suppression of SREBP-1c mRNA expression [17] . Data from the current study is consistent with this observation. Our findings suggest that neither 18:2 nor 16:0 had a significant effect on LXR-a expression, although variation in individual experimental results precludes our ability to draw a definitive conclusion. We are also unable to rule out the possibility that these fatty acids affected LXR-a activity, as indicated in previous studies [11] .
SREBP-1c is predicted to have a binding site in the ABCG1 promoter region [18] . On this basis we hypothesized that SREBP-1c suppression would mediate the effect of 18:2 on ABC-transporter expression. However, we found that although SREBP-1c and 1a mRNA expression were reduced by 18:2, SREBP-1 nuclear protein expression was unaffected. Our results differ from previous studies which reported that nuclear maturation of SREBP-1 is lower in response to unsaturated than saturated fatty acids [17] . Our findings likely differ from prior work because, in addition to the fatty acid exposure period, exogenous cholesterol was added in the form of oxLDL. In vivo, oxLDL is a key initiating element in the transformation of macrophages to foam cells, which was the focus of the current work. The possibility cannot be ruled out that intracellular cholesterol accumulation stimulated by addition of oxLDL may have overridden the effect of 18:2 on SREBP-1 nuclear protein. SREBP-1 subcellular localization is tightly regulated by SREBP cleavage-activating protein, which is activated by cellular cholesterol [30] . This strict posttranslational regulation of SREBP-1 may explain the stability of nuclear SREBP-1 protein expression levels, even with large changes in SREBP-1 mRNA expression. We were unable to determine whether 18:2 had a direct effect on ABC-transporter expression through alteration of SREBP-1 binding to promoter regions.
Evidence from previous studies suggests that the suppressive effect of 18:2 on cholesterol efflux is mediated at the transcriptional and post-translational levels [9] [10] [11] . At the transcriptional level, ABC-transporter expression is stimulated by the binding of oxysterols, derivatives of cholesterol which are abundant in cholesterol-loaded cells, to the transcription factor LXR-a. Binding of oxysterols to LXR-a causes a conformational change which enables LXR-a to bind to the promoter region in ABC-transporter genes [11] . 18:2 has been reported to disrupt LXR-a activity by binding to response elements in ABCA1 or ABCG1 promoters, thus reducing transcription of ABCtransporters [11] . At the post-translational level, 18:2 has been shown to induce ABCA1 phosphorylation and protein turnover through a pathway involving PKC-d [9, 10] . Absence of an effect of 18:2 on ABCG1 protein expression, in light of the suppression of ABCG1 mRNA expression, suggests tight translational or post-translational regulation over ABCG1 protein expression. These mechanisms were not explored in the current study, but may play a role in our observed results.
Results from our study agree with previous studies that suggest that 18:2 suppresses macrophage HDLmediated cholesterol efflux through down regulation of ABC-transporter expression, but this study does not support the conclusion that a mechanism involving SREBP-1 plays a role in this response. The effect of 18:2 on macrophage cholesterol efflux may be partially responsible for the increased risk of CVD in individuals with T2DM, associated with elevated circulating FFA concentrations.
